We report on growth of InP-InAs core-shell nanowires and demonstration of the formation of single quantum structures, which show Coulomb blockade effect, over entire lengths of the nanowires. The core-shell nanowires are grown by a selective area growth technique via metal-organic vapor phase epitaxy. The as-grown core-shell nanowires are found to be of wurtzite crystals. The InP cores have a hexagonal cross section, while the InAs shell are grown preferentially on specific {1100} facets, leading to the formation of the core-shell nanowires with an overall triangular cross section. The grown core-shell nanowires are transferred on to a Si/SiO 2 substrate and then contacted with several narrow metal electrodes. Low-temperature transport measurements show the Coulomb-blockade effect. We analyze the measured gate capacitance and single electron charging energy of the devices and demonstrate that a quantum structure which shows the Coulomb blockade effect of a many-electron quantum dot is formed over the full length of a single core-shell nanowire and consists of the entire InAs shell in the nanowire.
Semiconductor nanowires (NWs) have been extensively investigated for potential applications in optoelectronics, nanoelectronics, and quantum devices. [1] [2] [3] [4] [5] [6] [7] An intriguing advantage of the semiconductor NW technology is the presence of an ultralow density of dislocations in NW heterostructures, enabling building NW heterostrutures from materials with a large difference in lattice constant and accommodating large built-in strains in them. 8, 9 It is also possible to achieve complex NW architectures by growing selectively materials on different facets. 10 It has been shown that heterostructured core-shell NWs with a built-in strain can possess an increased carrier mobility 4, 11 or a piezoelectric field along the NW axis. 12, 13 The former is desired for high-speed electronic applications and the latter has a prospective application in novel photovoltaic technology. Heterostructured core-shell NWs are also predicted to yield favorable designs of quantum systems in which Majorana bound states 14 and Aharonov-Bohm oscillations 15, 16 can be detected. Recent low-temperature transport measurements have demonstrated the observations of the Aharonov-Bohm states in GaAs-InAs core-shell NWs. 17, 18 Low-temperature transport measurements have also demonstrated the observation of induced superconductivity in superconductor-contacted Ge-Si 19 and GaAs-InAs coreshell NWs. 20 Metal-organic vapor phase epitaxy (MOVPE) is one of the most common techniques to grow NWs with excellent controls of crystal structures and NW morphology. Two NW growth mechanisms employed within MOVPE are metal particle assisted vapor-liquid-solid (VLS) growth and selective area epitaxy (SAE) growth. 21 The majority of NW growth research has focused on particle assisted VLS growth and the technique has been used to grow NW p-n junctions 7, 22 and heterostructures. 23, 24, 22 However, in SAE, NW growth can be achieved without risk of metal contamination, due to the absence of metal seed particles, and shell overgrowth in achieving core-shell NWs can be made with relatively less technical difficulty. Furthermore, InP NWs grown by SAE have been shown to have low surface recombination velocity and to be of stacking fault free crystals with excellent optical quality and high lasing efficiency. 25 It has also been demonstrated that with SAE, it is possible to achieve no-tapered, pure crystal phase InP NWs. 26 In this letter, we report on growth of high-quality InP-InAs core-shell NWs with a triangular cross section via MOVPE and formation of good-quality quantum shell structures over entire lengths of the NWs. The core-shell NWs are grown by SAE technique and are of wurtzite crystal structure. Devices for transport measurements are fabricated by transferring as-grown core-shell NWs on to a Si/SiO 2 substrate and then contacting them with several Ti/Au metal stripe electrodes on each. The transport measurements are performed at a low temperature in a dilution refrigerator.
The measurements show the Coulomb blockade effect with the charge stability diagrams characterized by a series of well-defined, equally sized Coulomb diamonds in each device-a characteristic often observed in a many-electron quantum dot. We also measure the charge stability diagrams using different configurations of source and drain contact electrodes and extract device characteristic parameters, such as gate capacitance and charging energy. The results
show that the Coulomb blockade seen in each device arises from single electron charging to the entire InAs shell of the NW, i.e., a quantum structure that shows the Coulomb blockade effect of a quantum dot is formed over the entire InAs shell in each NW. The sample is then cooled down in the reactor under arsine flow in order to prevent the InAs surfaces from decomposition.
The morphology and crystal structure of as-grown core-shell NWs are investigated using a scanning electron microscope (SEM) and a transmission electron microscope (TEM). The fabricated devices are characterized at room temperature to extract the NW resistance and the contact resistance.
In the present work, the devices with the room-temperature NW (unit length) resistance of 0.8-1.2 kΩ/µm and the room-temperature contact-pair resistance of 3.2-3.8 kΩ are selected for low temperature measurements in a dilution refrigerator. This range of contact resistance is chosen in order to obtain a large low-temperature contact resistance (higher than the quantum resistance of ~13 kΩ), as is normally required for observation of the Coulomb blockade effect. Several devices have been measured at low temperature in the dilution refrigerator and below we will only present the results of measurements for the device shown in Fig. 2(a) . All these measurements show almost the same Coulomb diamond structures as observed in Fig. 3(a) . For example, the size of the Coulomb diamonds in back-gate voltage, ∆Vbg = 2.0 mV, is the same for the measurements with all the four contact configurations, i.e., with the bias voltage applied both along and across the NW. As the gate-voltage spacing ∆V bg is independent of the source-drain bias voltage configuration, we can conclude that the same quantum dot structure with its extension over the entire length of the NW is measured in Figs. 3(a) to 3(d) . Because of the large conduction band offset between the InP and InAs materials, the quantum dot structure can be identified as the entire InAs shell in the core-shell NW. In the following we will sometimes interchangingly use both the quantum dot and the entire InAs shell of the NW to refer to the quantum object which give the Coulomb blockade effect observed in this work. The capacitance of the back-gate coupling to the quantum structure is extracted, from the measured backgate voltage spacing of the Coulomb diamonds, to be C g = e ∆V g = ⁄ 80 aF. From the size of the Coulomb diamonds 6 in source-drain bias voltage, the single electron charging energy of the quantum structuret (which is almost the same as the electron addition energy in this many electron regime) is extracted as E c ≈ 250 µeV.
The back-gate capacitance to the quantum structure could also be estimated based on an analytical model given in Ref.
29. This analytical model has been commonly applied in studies of back-gated NW field effect transistors. 30 Numerical calculations performed for back-gated triangular NWs in Ref. 31 could also be used to estimate the back-gate capacitance to the quantum structure and to verify that the quantum structure is formed over the full length of the NW.
According to the model of Ref. 29 , the capacitance of the back gate, which is assumed to be an infinite plate, to the NW is given by
where L is the length of the NW, 0 is the vacuum permittivity and is the effective relative permittivity of the oxide and vacuum surrounding the NW, r is the NW radius and t ox is the gate oxide thickness. Without using an effective dielectric constant the model yields an overestimation of the capacitance with approximately a factor of two for a cylindrical NW, since the NW is surrounded by the oxide only from one side. 31 Assuming an effective radius of r = 78 nm, in order to have an equal cross-sectional area as the equilateral triangle with a size of 210 nm, and = 1.95, 
